. These genes are expressed in specific tissues, are subject to 67 purifying selection, and are involved in processes such as protein synthesis inhibition, 68 membrane transport and metabolism (Hotopp et al., 2007; Woolfit et al., 2009; 69 McNulty et al., 2013) . 70 71 Infection with Wolbachia is widespread in Hymenoptera. Most hymenopteran 72
Wolbachia infections have the cytoplasmic incompatibility phenotype (Werren & 73 Windsor, 2000) , which leads to reproductive incompatibility between infected sperm 74 and uninfected eggs. Wenseleers et al. (1998) showed that 25 out of 50 species of ants 75 in Java and Sumatra screened positive for one strain of Wolbachia. By contrast, a 76 study on a single Swiss population of the ant Formica exsecta, found that all the ants 77 tested were infected with four or five different strains of Wolbachia (Keller et al., 78 2001; Reuter & Keller, 2003) . 79
80
The aims of this study are to test whether horizontally transferred genetic elements 81 exist in the genome of the ant Formica exsecta, and to describe the genomic 82 organization of any such elements. The genus Formica is listed by the Global Ant 83
Genome Alliance (GAGA) as one of the high-priority ant taxons to be sequenced 84 (Boomsma et al., 2017 ; http://antgenomics.dk/), owing to its key taxonomic position, 85 and the ecological and behavioral data that are available for the species. To date, no 86 genome sequence is available for this genus. 87
88
Our study population of F. exsecta, located on the Hanko peninsula, Southwestern 89 Finland, has been monitored since 1994, and data on demography, genetic structure, 90 and ecology are available (Sundström, Chapuisat & Keller, 1996 Sundström, 2015) . Based on genetic data on colony kin structure most (97%) of the 93 approximately 200 colonies are known to have a single reproductive queen, mated to 94 one or more (usually two) males (Sundström, Chapuisat & Keller, 1996 Sundström, 2015) . We report the whole genome sequencing of this species, and the 97 draft genome sequence of its associated cytoplasmic Wolbachia endosymbiont 98 P a g e 4 o f 2 8 (wFex) . We further report the presence of multiple extensive insertions of Wolbachia 99 genetic material in the host genome, and compare the HGTs insertions discovered in 100 the assembled draft genome to other genomes, to understand the pattern of HGT 101 events between endosymbiont and host. We analyze in detail the genomic features of 102 F. exsecta along with its endosymbiont Wolbachia, and discuss our findings in the 103 light of genome evolution in Wolbachia and its host. We selected one single-queen colony from our study population on the island 109 Furuskär (F162), and collected 200 adult males from this colony. We used males 110 because in Hymenoptera these arise through arrhenotoky (Normark, 2003) and are 111 haploid (Crozier, 1975) , meaning that a pool of males together are representative of 112 the diploid genome of their mother. DNA extraction was done from testis, which 113 contains sperm cells and organ tissue, to avoid contamination by gut microbiota. We 114 used a Qiagen Genomic-tip 20/G extraction kit according to the manufacturer's 115 protocol. For Illumina sequencing we constructed three small insert paired-end 116 libraries (insert sizes of 200 bp, 500 bp, 800 bp), and four mate pair (large insert 117 paired-end) libraries (insert sizes of 2 kb, 5 kb, 10 kb and 20 kb), each containing 118 DNA from 15-50 pooled males. Libraries were prepared using protocols 119 recommended by the manufacturers. Sequencing was done at the Beijing Genomics 120 Institute (BGI) using HiSeq2000, which produced a total of 99.97 GB of raw data 121 (Table 1) ratio between consistent and conflicting paired ends. Scaffolds were constructed in a 133 stepwise manner using libraries of increasing sizes from 500bp insert size paired-end 134 reads up to mate-pair of 5 kb insert size. 80,473 contigs could not be placed in 135 scaffolds. These are highly similar repetitive sequences, since the cd-hit-est tool 136 (Huang et al., 2010) showed that 43% of these contigs clustered together at 80% of 137 the sequence length. Third, sequencing gaps in the scaffolds were closed with the two 138 mate-pair libraries (Insert size 10 kb and 20 kb). Overall, these steps produced an 139 initial assembly with an N50 scaffold length of 949,634 bp, and a total length of 140 289,843,734 bp with each scaffold longer than 200 bp. 141
142
We used blobology v1.0 (Kumar et al., 2013) to generate taxon-annotated GC-143 coverage (TAGC) plots of scaffolds in the genome assembly, which can help to 144 identify bacterial contamination (Supplementary Figure S1 ). The scaffolds for the 145 TAGC plot were successfully annotated to the taxonomic order based on the best blast 146 match to the NCBI nt database (O'Leary et al., 2016). This analysis revealed that 74 147 scaffolds matched the endosymbiotic bacterium Wolbachia. Sixty-nine of these 148 scaffolds were removed as we concluded that they are part of the Wolbachia genome 149 (see analysis below), but five contigs were retained in the final assembly for F. 150 exsecta as they contained both Wolbachia and ant sequences. Following this curation, 151 the final draft genome assembly was 277.7 Mb long with an N50 value of 997,654 bp 152 and 36% Guanine-cytosine (GC) content (Table 2) scaffolds was similar to the F. exsecta scaffolds, rather than to the Wolbachia 167 scaffolds. Finally, detailed inspection of these scaffolds in a genome browser showed 168 no change in sequencing depth where we identify the interspersed fragments with 169 similarity to Wolbachia, which would be expected for erroneous chimeric assembly 170 (Lasken & Stockwell, 2007) . These data thus suggest that fragments of Wolbachia 171 were horizontally transferred to the F. exsecta genome. To corroborate these results 172 with independent approaches, we re-assembled the raw sequencing data with two 173 additional independent algorithms that we expect would make different types of 174 assembly errors than SOAPdenovo. The first software, Velvet version 1. Second, we used core gene content-based quality assessment using CEGMA 2.4 201 (Parra et al., 2007) to ascertain that the 248 most highly conserved eukaryotic proteins 202 are present in our genome assembly. We also compared genes present in our genome 203 assembly to single-copy orthologs across four lineage-specific sets (Eukaryota (303 204 genes), Insecta (1,658 genes), Arthropoda (2,675 genes), and Hymenoptera (4,415 205 genes)) using the BUSCO 1.1 (Simão et al., 2015) . In addition, we compared the F. 
Gene prediction 222
We combined several publicly available data sets and computational gene prediction 223 tools to establish an Official Gene Set (OGS) for the F. exsecta genome. First, we 224 used the MAKER version 2.28 pipeline ( 
Genome Annotation 249
We analyzed the complete official gene sets (OGS) of F. exsecta to identify sequence 250 and functional similarity by comparing with different sequence databases using blast. 251
By using a ribosomal database, we were able to annotate both the large (LSU), and 252 the small (SSU) subunit ribosomal RNAs. The remaining gene sequences were used 253 for retrieving functional information from other databases (SwissProt, Pfam, 254 PROSITE, and COG). Gene sequences were considered to be coding if they had a 255 strong unique hit to the SwissProt protein database (Magrane & Consortium, 2011; 256 The Uniprot Consortium, 2017), or appeared to be orthologs of known predicted 257 protein-coding genes from ant species based on TrEMBL (Translation of EMBL 258 nucleotide sequence database). We also assigned putative metabolic pathways, 259 functional classes, enzyme classes, GeneOntology terms, and locus names with the 260 AutoFact tool (Koski et al., 2005) . To further improve annotation, and for assigning 261 biological function (e.g. gene expression, metabolic pathways), we also did 262 Solenopsis invicta, and Cerapachys biroi). For this we only included orthologous 292 groups with one ortholog for each species (no paralogous genes were included) in the 293 analysis. We extracted coding and protein sequences for 3,156 orthologous groups 294 from the respective public NCBI repositories for the species included. We then 295 aligned all protein sequences using Clustal Omega (Sievers & Higgins, 2014) , and 296 then converted them to nucleotide sequences with PAL2NAL version 14 (Yang, 297 1997). We then ran CODEML Based on scaffold N50 and N75 statistics, contig size, and GC content, the F. exsecta 360 genome assembly is comparable in quality and completeness to other sequenced ant 361 genomes ( Supplementary Table S1 ). All the 248 CEGMA eukaryotic core genes were 362 found, and 241 of these genes were complete in length. Similarly, 98.5% of 1634 363 BUSCO Insecta genes were complete in the genome (Table 3) . These results held 364 with other BUSCO analysis levels including Eukaryota, Arthropoda, and 365 Hymenoptera, with low duplication levels (2.2% to 5.3%), and few missing genes 366 (0.6% to 1.27%; all details in Table 3 ). Such discrepancies can be due to technical 367 artifacts such as sequencing biases or assembly difficulties, as well as to true 368 differences between our F. exsecta sample and the BUSCO and CEGMA datasets. We used blast and orthology analyses to characterize F. exsecta genes. The vast 384 majority (88%; 12,050) of these had the highest blastp similarity to genes in other 385 ants. A further 0.4% had the highest similarity to Apidae, and 0.6% to Braconidae, 386 Amniota, and Wolbachia (the latter probably due to HGT; see below and Figure 2 ). 387
The remaining 3.09% belong to other taxa not included in Figure 2 because they had 388 fewer than 20 hits. The remaining genes (7.91%, n= 1,080) lacked clear sequence 389 similarity [cutoff for blastx E < 10 -3 ] to known protein sequences or protein domains. species. In addition, we found 102 gene clusters that were exclusive to three 402 Formicinae genomes (F. exsecta, C. floridanus and L. niger; Supplementary Table  403 S2). Such genes are important candidates that could be involved in the evolution of 404 this subfamily. Many of the genes in these clusters had no detectable relation to 405 existing genes outside the Formicinae; those that did included GO annotations such as 406 glycerate kinase, transferase activity, deoxyribonucleoside diphosphate metabolic 407 process. 408
Interestingly, 633 of the F. exsecta-specific genes could be grouped into 197 ortholog 409 clusters of 2 or more genes ( Supplementary Table S3 ), suggesting not only newly 410 evolved genes, but also potential gene duplication and subfunctionalisation. Previous 411 comparative genome studies have indicated that 10-20% of genes lack recognizable 412 homologs in other species in every taxonomic group so far studied ( 
Genes with signatures of evolution under positive selection 418
We performed analyses to detect genes with signatures of positive selection in F. 419 exsecta. First, selection analysis (dN/dS ratio estimations) on 3,157 single-copy genes 420 shared between the five core ant species (without paralogous genes), revealed that 500 421 genes have signatures of positive selection in the lineage leading to F. exsecta. These 422 include genes involved in fatty acid metabolism, lipid catabolism, and chitin 423 metabolism ( Supplementary Table S4 ). Interestingly, previous studies on ants, bees, 424 and flies also provide evidence for positive selection on genes in similar functional 425 categories as in our study (Roux et al., 2014) . For example, genes involved in 426 biological functions such as carbohydrate metabolic processes, lipid metabolic 427 processes, cytoskeleton organization, cell surface receptor signaling pathways, and 428 RNA processing were overrepresented in the enrichment analysis, and such genes 429 were also previously reported as positively selected genes in ants, bees, and flies 430 (Viljakainen et al., 2009; Roux et al., 2014) . To perform a similar analysis on a larger number of genes, we used a second 433 approach based on pairwise comparisons between F. exsecta and C. floridanus. Out of 434 5,148 one-to-one-orthologs, 29 showed dN/dS > 1 (P < 0.005; Supplementary Table  435 S5). Although some of these putative genes could be artefactual or non-coding, they 436
all include an open reading frame of > 100 amino acids. Five (17%) out of 29 genes 437 are likely linked to transposon activity as they are transposase-like or have EpsG 438 domains. Among the other genes, only a few are annotated: the Icarapin-like protein 439 is a venom gene, and such genes have been shown to be under positive selection in 440 wasps (Werren et al., 2010) . Perhaps more surprisingly we found high dN/dS for the 441 Homeobox protein gene orthopedia which is involved in early embryonic 442 development (Mackenzie et al., 1991) . 443 444
Repetitive elements 445
Repetitive elements comprised 15.88% (44.10 Mb) of the F. exsecta assembly. This 446
proportion is similar to that found in other ants (16.5-31.5% (Schrader et al., 2014) . Table S6 ). Furthermore, 92 (12%) of the 775 genes present as a single copy in wFex, 481 included genetic variation within our sample, including in the cytochrome oxidase 482 subunit I; no such variation is normally expected. Despite extensive attempts, we 483 were unable to disentangle the two or more Wolbachia strains -this is likely because 484 differences in synteny between the strains cannot be resolved using short-read 485 sequence data. Similar assembly artifacts, due to multiple Wolbachia strains, have 486 also been reported by other studies (Ramírez-Puebla et al., 2016). 487
488
To determine how wFex is related to other Wolbachia, we used Bayesian 489 phylogenetic analysis based on 35 conserved genes ( Supplementary Table S7 ) from 490 the 25 available Wolbachia genomes from the NCBI database. The analysis revealed 491 three distinct monophyletic clades, all with posterior probabilities >0.9. Each of these 492 clades represent one super group of Wolbachia (Figure 4 ). Of these three supergroups, 493 two have been found only in arthropods (super groups A and B), and the third super 494 group is found only in filarial nematodes (super group C; Werren, Baldo & Clark, 495 2008). In the phylogenetic analysis, wFex clustered with the Wolbachia strains within 496 super group A, and most closely matched the strain that infects the scale insect, 497
Dactylopius coccus, (wDacA). This is consistent with earlier studies on Wolbachia in 498 ants, which also found supergroup A in the majority of the infected ants (Werren & 499 Windsor, 2000) . 500 P a g e 1 6 o f 2 8
Given that wFex affiliates with the supergroup A in our phylogenetic analysis, we 501 investigated the extent to which its gene content aligned with that of other Wolbachia 502 genomes in the same supergroup. We found that 525 genes were shared across all 503 strains in this supergroup, including wFex ( Figure 5 ). About 20% of these genes had 504 no match to known proteins, whereas the remaining genes matched a wide range of 505 predicted functions (Ellegaard et al., 2013; Lindsey et al., 2016) . We also found 506 strain-specific genes (wFex -50 genes, wMel -4 genes, wRi -3 genes, wDac -9 507 genes). The wFex-specific genes included inferred annotations including Ankyrin 508 repeat protein, ATP synthase, and chromosome partition protein (Supplementary 509 Table S8 ). These strain-specific genes can provide an interesting snapshot of the 510 evolutionary dynamics of a species. For example, ankyrin repeat proteins are involved 511 in numerous functional processes, and have been suggested to play an important role 512 in host-symbiont interactions (Li, Mahajan & Tsai, 2006) . Comparative analyses 513 suggest that they may be involved in host communication and reproductive 514 phenotypes (Voronin & Kiseleva, 2008) . 515 516 To explore differences in gene content between CI-inducing and mutualist strains of 517
Wolbachia, homologous genes in six CI-inducing strains, and three mutualist strains 518 were aligned and compared (Lindsey et al., 2016) . The mutualist Wolbachia strains 519 (range: 644-805 genes) had fewer genes than the CI-inducing ones (range: 911-1,275 520 genes). The CI-inducing strains shared 84 genes not found in the mutualist strains. We 521 found 80 (95.23%) of these 84 genes in wFex (Supplementary Figure S3 ), suggesting 522 that wFex may be CI-inducing. Ankyrin repeat containing protein (Table 4) (Brelsfoard et al., 2014; International 551 Glossina Genome Initiative, 2014). This could indicate that some HGT events are 552 either more likely to occur or to be retained for reasons that could be neutral or 553 adaptive to the host or to the endosymbiont. The transcriptome of F. exsecta shows 554 that at least 6 out of the 83 genes from the Wolbachia HGT regions are transcribed 555 but with a low FPKM values (range 0.04 to 1.6). These low level transcription trait 556 often observed in bacteria-eukaryote HGTs (Hotopp et al., 2007; Nikoh et al., 2008; 557 Dunning Hotopp, 2011) . 558
Conclusions 559
Here we present the first draft genome of the ant F. exsecta, and its Wolbachia 560 endosymbiont. This is the first report of a Wolbachia genome from ants, and provides 561 insights into its phylogenetic position. We further identified multiple HGT events 562 from Wolbachia to F. exsecta. Some of these have also occurred in parallel in several 563 other insect genomes, highlighting the extent of HGTs in eukaryotes. We expect that 564 the F. exsecta genome will be a valuable resource in understanding the molecular 565 
